Abstract Warren Mitofsky and Joseph Waksberg were two of the most influential researchers in telephone surveys and survey research methods. Their development of the Mitofsky-Waksberg method for random digit dialing sampling revolutionized telephone sampling and surveys. Jointly and separately, Waksberg and Mitofsky were instrumental in the development of many innovative methods and applications. This article reviews some of their contributions and discusses how their approaches to these problems may be a model for addressing issues that are being encountered currently in the United States in cell phone research.
The year 2006 saw the passing of Joseph Waksberg and Warren Mitofsky, two outstanding researchers who were instrumental in developing and implementing sampling and estimation methods that greatly contributed to survey research. Although they were highly successful and honored in their own fields, they are probably best known for the Mitofsky-Waksberg sampling method. It was the first efficient method of random digit dialing (RDD) sampling for telephone surveys, and its general acceptance played a major role in ushering in the halcyon years of telephone surveys. However, Waksberg and Mitofsky left a legacy of innovative methods and applications that greatly exceeded that one achievement. In this article, we review some of their contributions and explore how their efforts may be relevant to the current challenges facing telephone survey research, including those related to the introduction of the cell phone that are the focus of this special edition of Public Opinion Quarterly.
Waksberg and Mitofsky met in the early 1960s when Mitofsky left graduate school to work for Waksberg at the U.S. Bureau of the Census. As Chief of the Statistical Methods Division, Waksberg was responsible for all sampling and statistical activities for the Census Bureau's household surveys. When Mitofsky left Census in 1967 to direct the CBS election and survey unit, he asked Waksberg to work with him as a consultant to CBS (Morganstein and Marker 2000) . Their innovative and productive collaboration continued for the rest of their lives. They were also close personal friends who greatly enjoyed each other's company, regularly chatted by telephone, and visited each other frequently. They even vacationed together with their families on occasion. When Waksberg passed away in January 2006 at the age of 90, one of the first calls his son Mark made was to Mitofsky, who was then attending a conference on telephone survey methods. Mitofsky passed away unexpectedly at the age of 71 in September 2006.
Mitofsky and Waksberg had an immense influence on the survey research industry. They shared a lifelong passion for designing and conducting surveys that could be implemented in practice, a calling that is not glamorous or celebrated by those not immersed in survey research. They were eager to get their hands dirty and delve into any aspect of a survey that needed attention. They had high quality standards and sought to understand and take into account all the important sources of error that might be encountered in a survey. As a result, they had an impact on nearly all aspects of survey research; their influence extended all the way from large and expensive government surveys to small and inexpensive polls.
Two features that distinguished both Waksberg and Mitofsky were their technical capabilities and their ingenuity. They combined these attributes with the vision and the tenacity to develop and evaluate new methods as needed to satisfy survey requirements. Confident of their understanding of both the practical and theoretical aspects of surveys, they were able to discard conventional methods and implement new ones when necessary. Much of their work was seminal and profound. Furthermore, they had the ability to communicate complex methods and procedures in ways that could be understood by those with less technical knowledge. As a consequence, both men were awarded many honors and awards too numerous to cite. Here we mention only one for each: The American Association of Public Opinion Research (AAPOR) renamed one of its highest honors the Warren J. Mitofsky Innovators Award, and the journal Survey Methodology created the annual Waksberg Invited Paper Series to honor Waksberg's many contributions to survey research.
We hope that this review of some of Waksberg's and Mitofsky's contributions to the development of survey research will provide an example and inspiration to those who may be disheartened by the very difficult problems with which telephone survey researchers struggle today. We begin by giving a historical overview of telephone sampling prior to the introduction of the Mitofsky-Waksberg method. We then discuss Mitofsky-Waksberg sampling, Downloaded from https://academic.oup.com/poq/article-abstract/71/5/703/1805024/Mitofsky-WaksbergLearning-From-The-Past by guest on 16 September 2017 election-related survey research, and some of their contributions to understanding other survey errors. We conclude with a few comments on their personal legacies.
Historical Overview
Telephone data collection has played an important role in household surveys for the past three decades and continues to do so today. During the earliest years of survey research, most surveys were conducted either by mail or face-to-face. Telephones were used largely as a supplemental mode of data collection or for follow-up and methodological studies (Nathan 2001) . The main impediment to using telephones as the primary method was the coverage error associated with excluding households (those without telephones and those not listed in telephone directories). Similar concerns about noncoverage bias are now the prime motivation for efforts to sample and conduct surveys on cell phones in the United States.
By the late 1960s, several factors had coalesced to increase the role of telephones in survey research. One of the most important factors was that higher coverage rates allayed some of the concerns about noncoverage bias, at least for the general household population. Thornberry and Massey (1988) used data from the National Health Interview Survey (NHIS), a face-to-face, cross-sectional survey conducted each year, to show that the percentage of households without any telephone decreased from about 20 percent in 1963 to about 10 percent in the early 1970s. Blumberg et al. (2008) are using data from the current NHIS to show that the opposite trend is occurring in the first decade of the 21st century, with declines in the proportion of households and persons in households with landline telephones.
Another important factor in the increasing use of telephone survey methods was the escalating cost of face-to-face interviewing; a comparable telephone interview was less than half the cost of a face-to-face interview. The adoption of telephone survey methods was also accelerated by an observed decline in response rates for face-to-face surveys, especially commercial surveys. (While some early experiences supported the hope that telephone response rates would be higher than face-to-face survey rates, the evidence soon showed that telephone surveys almost always had lower response rates.) Another factor that helped to propel telephone surveys was the publication of methodological research showing that data quality in the telephone mode was competitive with that observed with the mail and face-to-face modes (e.g., see Hochstim 1967) .
Many of the same issues currently being examined with respect to cell phone surveys were debated as landline telephone surveys became more popular. Marketing researchers were the first to plunge into telephone surveys as the sole mode of data collection. The low cost and speedy access to results were irresistible to these researchers and their clients. Academic and government survey researchers were more hesitant, because the quality of the estimates from telephone surveys had not been well established. Many of the evaluation studies conducted in the 1960s and 1970s helped to alleviate their concerns; the monograph by Groves and Kahn (1979) was, in some ways, the culmination of the methods research that convinced survey researchers that the quality of estimates from telephone surveys was roughly equivalent to the quality achieved with face-to-face surveys.
Currently, a broad mix of researchers-including those in the commercial, academic, nonprofit, and government sectors-are conducting evaluation and operational studies of cell phone sampling and interviewing in the United States. Although marketing and advertising researchers were the trailblazers in 1960s' telephone surveys, they are not as extensively involved in this research, primarily because cell phone surveys are more expensive than surveys that use just landlines.
A key obstacle to the initial adoption of telephone surveys was the lack of a good method of drawing a probability sample of telephone numbers. For example, Hochstim (1967) based his comparisons of mail, telephone, and faceto-face interviewing modes on a sample selected using standard area probability sampling methods, with subsamples assigned to the different modes. He did not draw a sample of telephone numbers because no satisfactory method for doing so was available in the 1960s.
Part of the reason for this dilemma was the absence of a frame of telephone numbers that could easily be used for sampling. The only frame available was a telephone directory, and it suffered from several deficiencies. The most notable problem with the directories was their incompleteness. Another serious operational problem was that telephone directories were difficult to handle in practice, since no electronic or computer files were available. National samples of listed telephone numbers required multistage sampling; geographic areas were sampled first, the directories for the sampled areas were obtained, and then numbers listed in the sampled directories were selected. These operations were fraught with problems. Cooper (1964) published one of the first recorded methods for random sampling of telephone numbers. He suggested using a local area directory to identify all the assigned prefixes and then appending a random four-digit suffix, to create the seven-digit number that was dialed. This method produced a probability sample, and it covered households that were not in the directory. Cooper's method was not very efficient; only about 20 percent of the sampled numbers were residential. Nevertheless, this was a considerable improvement over the approximately 3 percent of numbers that were residential when the sample was based on sampling all possible telephone numbers. Another disadvantage of Cooper's method was that researchers still had to acquire and search through a local telephone directory to identify eligible prefixes. In this sense, it was a difficult procedure to implement. When Glasser and Metzger (1972) conducted a national study using essentially the same sampling scheme, they had to invest a considerable effort to obtain a national list of area codes and prefixes as the sampling frame. Other schemes also were considered (e.g., Palit 1983), but none was implemented widely.
Mitofsky-Waksberg RDD Sampling
In the late 1960s, Warren Mitofsky began trying to build survey capabilities for CBS and faced all the above-mentioned difficulties associated with selecting national samples of telephone numbers. In an interview with Michel Rochon, 1 Mitofsky described how he undertook to deal with the problems. Learning that AT&T had a computer file of all the assigned area code-prefixes in the country, he displayed an unrelenting determination and persistence in negotiating to obtain the file. When he convinced AT&T to sell the data, Mitofsky had eliminated the need for dealing with telephone directories. Mitofsky's tenacity in pursuing an idea, as exhibited in his dealings with AT&T, was one of the reasons he was successful.
Despite this important advance, Cooper's method of randomly adding four digits to assigned area code-prefixes continued to pose operational problems. Early on, researchers realized that the telephone companies assigned numbers in such a way that some of the area code-prefix combinations had few residential numbers while others had many (see, e.g., Cooper 1964 ). Mitofsky developed a two-stage sampling scheme that took advantage of the way numbers were assigned to greatly increase the efficiency of the sample. In the first stage a sample of clusters was selected, where each cluster was an assigned areacode prefix combined with the first two digits of an assigned suffix and a random two-digit number (AAA-PPP-SSRR); i.e., one of the 100 numbers within the cluster was randomly sampled and dialed. The first-stage cluster (bank of 100 numbers) was retained in the sample only if the randomly sampled number in the cluster was residential. (As others had observed before, about 20-25 percent of numbers were households.) In the second stage, additional random numbers were generated in the retained clusters. Using the two-stage procedure, the overall percentage of randomly generated sampled numbers that were residential often exceeded 60 percent, depending on how many secondstage residences were sampled. This efficient procedure reduced data collection cost and increased interviewer morale. (Interviewers have never enjoyed dialing nonworking and nonresidential numbers.) Sampling 100-banks was not just efficient, but represented a conceptual leap since Cooper and other early RDD pioneers had not recognized its potential as a sampling unit.
Mitofsky used this method at CBS for telephone surveys and documented it in an internal CBS memo (Mitofsky 1970) . After about four years, he sent his notes on the method to Waksberg and asked him to look into the statistical properties of the sampling scheme. Waksberg (1978) described the sampling method and compared it with other approaches to sampling telephone households. He also showed the conditions under which the method was and was not efficient. This led him to include a cost-variance analysis in his 1978 article in the Journal of the American Statistical Association that provided guidance on the thorny question of appropriate cluster sizes. Waksberg also discussed a variety of other statistical issues associated with the method, such as stratification, multiple telephone numbers in a household, and poststratification and other estimation methods.
The theory in Waksberg's 1978 article was very elegant. He showed that the method sampled first-stage clusters with probabilities exactly equal to the number of residential numbers in the cluster, without the researcher ever knowing (or needing to know) the number of residences in the cluster. The method also had the very desirable outcome of sampling every telephone number with equal probability. The key to obtaining these results was selecting a fixed number of residential landline telephone numbers within each 100-bank that was retained. Survey statisticians of the time were very active in devising probability proportional to size (PPS) sample designs that had some of these attributes, but none had ever developed a design with such remarkable features.
Waksberg's article had enormous influence on the academic and government researchers who had not been early adopters of telephone sampling. The Mitofsky-Waksberg procedure could be easily understood, and it had a solid theoretical basis. It became the standard method of RDD sampling for more than a decade. The Mitofsky-Waksberg method was so important to the field that the International Association of Survey Statisticians (2001) designated Waksberg's 1978 article as one of 19 landmark papers in the first 50 years of survey statistics.
The method also influenced related fields. For example, following the publication of a paper co-authored by Waksberg (Hartge et al. 1984) , the MitofskyWaksberg method replaced face-to-face interviewing as the typical approach for selecting controls in population-based epidemiological case-control studies.
Despite the success of the method they developed, Mitofsky and Waksberg both recognized its operational difficulties and were eager for still better methods. In fact, Waksberg had commented upon these deficiencies in his 1978 paper. When Waksberg became aware of the initial work on list-assisted telephone sampling, later published by Casady and Lepkowski (1993) , he proposed evaluating whether the noncoverage bias inherent in the truncated list-assisted approach was as serious as the article suggested it might be. The results of this evaluation appeared in another paper co-authored by Waksberg (Brick et al. 1995) and played a role in the adoption of the list-assisted method in place of the Mitofsky-Waksberg method. Mitofsky and Waksberg both readily accepted list-assisted sampling because it was easier to implement and had better statistical properties.
Some of the articles on cell phones in this issue of the journal pose difficult sampling and statistical questions such as those related to biases in dual-frame surveys in the United States. The perspicacity and persistence exhibited in 
Election Night Estimation
Waksberg played a key role in Mitofsky's move from the Census Bureau to CBS News in 1967. After the incorrect prediction in the Maryland governor's race in 1966, CBS had approached Waksberg about coming to New York to design an improved statistical system for projecting elections (Morganstein and Marker 2000) . Waksberg was not interested in leaving the Census Bureau but he suggested Mitofsky, who took the job. Mitofsky hired Murray Edelman, also at the Census Bureau at the time, as his deputy. Waksberg also worked as a part-time consultant to Mitofsky at CBS. Figure 1 is a picture taken on election night in the early years of this collaboration.
Mitofsky set about introducing many of the statistical techniques he learned while working with Waksberg at the Census Bureau, such as stratified probability sampling of precincts for election night forecasting. In addition to Edelman and Waksberg, he consulted with other Census Bureau statisticians, including Joe Daly and Max Bershad. To deal with the problem of quality control of votes reported from precincts in the real-time setting of election night, he adapted a procedure that had been used by Bershad at the Census Bureau. If the report from a precinct was suspect, particularly if the number of votes was much larger than expected, the sampling weight for the precinct was reduced based on that precinct's contribution to the variance. The same approach could be applied for the vote for each candidate in a race (see Mitofsky and Edelman 2002) .
Mitofsky and his colleagues also developed a number of models for estimating election outcomes from sample precincts. In addition to the simple weighted estimates of the votes, they created ratio estimates based on the party or total vote in the precinct from a past race. They originally used a single ratio estimate to the one past race that had the highest correlation with the current vote; today, ratio estimates to several past races are calculated. To reduce the variation in the estimates, the precinct estimates were poststratified either by geography (the county of the precinct) or by the percentage of the vote in a past race captured by the Democratic candidate (Mitofsky and Edelman 2002) .
These methods were based on sound statistical theory, and they allowed the CBS statisticians to quantify the risk of predicting a winner based on the number of precincts reporting. Furthermore, when the estimates from the various voting models were consistent, Mitofsky and his team had even more confidence in the estimate. When the estimates did not agree, the data were used to investigate possible problems with the estimation models. Mitofsky and his colleagues also developed models that used the actual county returns-either by themselves or composited with the estimate from the sample precincts-later on election night. Waksberg worked with Mitofsky and the rest of the team on these issues for every U.S. election through 2004.
The estimation system was always being improved between elections. Edelman was instrumental in developing diagnostics for checking the quality of an estimate. In addition to gathering information about the quality of the precinct returns from the data collectors, he created measures of nonresponse bias as well as indicators of other possible data problems. When absentee voting became more prevalent, pre-election telephone surveys of the absentee voters were incorporated into estimates using composite estimation.
Mitofsky and his colleagues experimented with a dual-frame telephone sample design for conducting a pre-election poll in Oregon for the 2004 presidential election. The two frames were the standard RDD frame and a list from voter registrations, called registration-based sampling, or RBS (Mitofsky et al. 2005 ). The design they suggested could be modified easily to include a third frame for sampling cell phones, to account for the growing population of adults in cell-only households in the United States.
Exit and Pre-election Polls
Prior to Mitofsky's move to CBS in 1967, the only data collected at the precincts were the votes for each candidate when the polls closed (Morganstein and Marker 2000) . Inspired by George Fine's surveys of moviegoers leaving theaters, Mitofsky first used exit polls in the 1967 Kentucky gubernatorial election to gather information in the western part of the state, where the polls closed later than in the east. That exit poll was used, in conjunction with actual votes from sample precincts, to project the results of the race. Exit polls were used in the same way in the 1968 primaries and general election. From about 1970 to 1980, exit polls were used to address analytic goals, describing who voted for whom and why. During this time, CBS did not use the exit polls to make projections at poll closing. Mitofsky and Edelman (2002) noted that ". . . everything changed" in 1980, when NBC used exit polls to project winners on election night. After 1980, all the networks began using exit polls to predict election results at poll closing (Mitofsky 1991) .
In 1978, Waksberg noted that nonresponse in the California exit poll seemed to differ by age group and that this had an effect on the Proposition 13 estimate. To reduce this bias, he suggested a method of weighting for nonresponse. The idea was for interviewers to record the observed gender, age, and race of nonrespondents in the poll, to be used in differential weighting of the respondents in these subgroups for use in projections (Edelman 2007) . After 1980, the nonresponse weight adjustments were applied to the analytical estimates in addition to the overall vote projections.
The use of exit polls to predict the results of elections required large samples of precincts in contested states and the hiring of many interviewers. By 1990, the networks had decided to pool their resources for the election-day polls (an idea suggested by Mitofsky in 1988) . Voter Research and Surveys (VRS) was a consortium formed by the networks and headed by Mitofsky to conduct exit polling and predict election results (Edelman 2007) . In 1993, VRS and the News Election Service (NES) were combined into Voter News Service (VNS). VNS made all election night projections until 1994, when ABC used the VNS exit poll data to make its own projections.
The developments in the exit polls paralleled Mitofsky's creation of the CBS News/New York Times Poll in 1976. To improve the quality of the preelection estimates, Mitofsky introduced the use of population control totals in the weighting of the national polls, a procedure that was commonly used in government surveys.
Mitofsky also proposed new approaches for dealing with the uncertainty associated with predicting whether a pre-election poll respondent would actually vote in the election. At the time, the existing method was to create a scale of the likelihood of voting based on the respondent's answers to survey items. A threshold score was set, and only those respondents with scores above the threshold were included in the estimation. The scheme developed by Mitofsky and his colleagues estimated a probability of voting for each survey respondent and used this probability to create a weight. The weighting method gave each respondent some chance of voting and some representation in the estimates of election outcomes from pre-election polls (Traugott and Tucker 1984) .
By 2004, journalists and others were expressing concern about the potential influence of cell phones on the pre-election polls in the United States. Keeter (2006) analyzed exit poll data on cell phone service collected by the National Election Pool. He found that although the cell-only voters were more likely to support Kerry than Bush, the use of age in the poststratification of pre-election polls largely eliminated the noncoverage bias. Of course, simple weighting adjustments may be less effective as the percentage of cell-only adults increases.
Coverage, Measurement, and Small Area Estimation
Some of the most perplexing cell phone-related issues arising in telephone surveys in the United States and elsewhere are related to noncoverage, measurement, and nonresponse. As discussed above, these are issues that researchers have confronted with telephone surveys for many years.
NONCOVERAGE
Waksberg had been extensively involved in coverage studies for household surveys at the Census Bureau and continued this avenue of research with telephone surveys. He developed a weighting adjustment method based on interruptions in telephone service to reduce bias due to the exclusion of households without telephones, using an idea suggested by Keeter (Brick, Waksberg and Keeter 1996) . Blumberg et al. (2008) have investigated this same interruption-based method to reduce the bias due to the exclusion of nontelephone and cell-only households from the landline frame.
Waksberg also examined the difficult problem of within-household undercoverage in telephone surveys (Maklan and Waksberg 1988) . He concluded that enumerations of persons in telephone surveys had coverage rates at least as high as those in face-to-face surveys, based on the coverage measures he had used earlier at the Census Bureau.
Waksberg and Mitofsky both studied dual-frame samples, a technique often used to address coverage problems and a major area of cell phone research. Waksberg et al. (1998) supplemented an RDD sample with an area sample. In the area sample, households were screened and only those without a telephone were surveyed. In that study, the interviewers for the area sample were equipped with cell phones that they used to call into the main telephone center, so that all interviews were conducted by telephone.
MEASUREMENT
As discussed above, Mitofsky et al. (2005) implemented a dual-frame survey in which the RBS frame was supplemented by the RDD frame. The RDD frame was necessary because telephone numbers were obtained from only 61 percent of the sampled registered voters on the RBS frame. Another important goal of their dual-frame design was to reduce measurement errors in the preelection polls. Respondents are likely to over-report that they are registered and likely to vote. This measurement error may introduce substantial errors into the estimates. Using the data on the RBS frame provided a mechanism to deal with this error source, because voter registration and voting history are available from the RBS frame.
Waksberg had conducted seminal research on measurement errors with John Neter in the early 1960s (Neter and Waksberg 1963 , 1964a , 1964b . These were groundbreaking studies that pioneered the study of recall error, the effect of conditioning in a panel survey, and the effect of respondent selection on the quality of the estimates. The studies have had a profound and lasting effect on survey approaches to measurement error in these areas. Figure 2 is a photograph of Mitofsky and Waksberg taken by John Neter in 1989, when the three were together at a statistical meeting in San Diego.
Cell phone surveys, at least in the United States, are struggling with their own measurement error problems. Tucker, Brick and Meekins (2007) discuss some of the difficulties in crafting questions that produce an accurate classification of households by telephone service status (landline-only, cell-only, both, and none). The telephone service status classification is essential for surveys that provide control totals for the weighting of cell phone samples.
SMALL AREA ESTIMATION
Telephone surveys often are implemented to estimate statistics for small areas, such as a specific city, county, or state. With cell phones, estimating for small areas is more difficult because the geographic link between the cell phone exchange and the owner's place of residence is much weaker than it is with landlines (see, e.g., Fleeman 2007).
Mitofsky and Waksberg both identified innovative methods to address the problem of making inferences for small geographic areas. Mitofsky had to deal with local areas in predicting the outcomes of elections. Even in U.S. presidential elections, the state votes are the only ones that are important because of the Electoral College system. The polls Mitofsky designed and the estimation methods he developed were constructed specifically to make estimates for small areas.
In addition to his work with Mitofsky and on other local area telephone surveys, Waksberg examined a very different approach to small area estimation. The situation arose because analysts wished to use data from a previously conducted survey to make estimates for areas with small or even zero sample sizes. A very influential article by Gonzalez and Waksberg (1973) was one of the earliest formal investigations into making synthetic small area estimates. The authors also proposed and explained an innovative method for estimating the probable error in small area estimates.
Colleagues and Mentors
Any reflection on the legacy of Waksberg and Mitofsky would be incomplete without mentioning the incredible personal influence they had on generations of survey statisticians, methodologists, and practitioners. In an interview conducted by Morganstein and Marker (2000) , Waksberg said, "Passing on knowledge comes in a number of ways: one is by teaching, another by writing papers, and the third is just personal interaction in a way that produces useful effects." Waksberg and Mitofsky were always willing to listen if someone had an idea about survey research. They were generous with their time and would offer encouragement to others, whether the person was a student or a seasoned professional.
Mitofsky and Waksberg were colleagues and mentors to many over the years. In accepting the New York AAPOR Outstanding Achievement Award in 2002, Mitofsky (2002) said, "There is one person I consider a mentor. It is Joe Waksberg." Waksberg was also one of his closest colleagues over the years.
Perhaps one of the attributes that made both Mitofsky and Waksberg such effective mentors was that they interacted as colleagues even while they were offering advice. Kathleen Frankovic (2007) captured this mentor/colleague role eloquently in her comment about Mitofsky: "He was my colleague, my teacher and my friend." Mitofsky and Waksberg mentored by setting an example and participating, not by lecturing. Ralph DiGaetano, a colleague of Waksberg's at Westat, recalled that his suggestions were never condescending or threatening. When Waksberg said he was "puzzled" by something you had written, "it was the conversational equivalent of a gong being rung," announcing "you better pay attention here, because you're going to learn something."
Waksberg and Mitofsky were unique and gifted individuals. They shared a passion for high-quality survey research and communicated that to everyone they encountered. In his presidential address to the AAPOR membership, Mitofsky (1989) called for the adoption of recent methodological advances in survey research. Neither he nor Waksberg rested on their past accomplishments; they were always interested in improvements. As the field of telephone survey research struggles with the technical and methodological issues of cell phones and other emerging problems, all should recall how Waksberg and Mitofsky found innovative solutions to the problems they faced, even while we miss their contributions and their leadership today.
Joe Waksberg and Warren Mitofsky were close personal friends who shared much more of life than survey research. They had different styles of interacting with people, yet both were genuine and men of great integrity. Those of us who had the opportunity to know them personally were privileged.
